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A. The Importance of Hydrogen Embrittlement 
Environmentally assisted cracking of engineering materials is a 
serious problem that limits the reliability of engineering structures 
operating in hostile environments. This year, environmentally assisted 
cracking will cause thousands of failures and large losses of life and 
property. Also, material limitations are the major barrier in the way 
of solving some of this nation's problems, not the least of which is 
energy production. In recent years, it has become economically possible 
to produce oil and gas from deeper and more corrosive wells. To combat 
corrosion and environmentally assisted cracking, more expensive nickel 
base alloys have been replacing alloy steels for this service. 1 ' 2 In 
the refining industry, higher temperatures and more hostile environments 
are encountered during processing of lower grade feedstocks, which leads 
to the use of nickel based alloys. 3 In general, more structures are 
operating in hostile environments than ever before, and many are made of 
nickel base alloys. When a failure of one of these structures can cost 
millions of dollars or the loss of life, it is clear that an understand-
ing of these problems is very important in order to optimize material 
selection, design and operating procedure. This thesis will examine 
two areas of environmentally assisted cracking, hydrogen embrittlement 
and mercury embrittlement of nickel base alloys. 
1 
2 
Hydrogen embrittlement is a general term that refers to the de-
gradation of metals in the presence of hydrogen. The form of the damage 
could be blisters, cracks or brittle phase formation. The source of 
the hydrogen could be external or electrochemical. External hydrogen 
embrittlement is damage that results from a high pressure hydrogen 
environment, such as NASA and its subcontractors experienced in the mid 
1960's when several of its high pressure hydrogen storage tanks failed. 4 
Electrochemical sources of hydrogen are mainly the result of corrosive 
or disassociation reactions, like those that occur during galvanic 
corrosion or in hydrogen sulfide environments. The conditions that are 
needed to cause hydrogen embrittlement are a source of atomic hydrogen, 
a significant tensile stress and a susceptible material. Absorption 
of hydrogen and thus hydrogen ernbrittlement is increased by hydrogen 
evolution poisons, for example sulfur compounds, and by higher tempera-
tures and pressures. These conditions minimize the recombinations of 
atomic hydrogen to give molecular hydrogen which does not react. 
Similar to hydrogen embrittlement, liquid metal embrittlement oc-
curs when a susceptible alloy is exposed to a stress and a liquid metal 
simultaneously. Although not as industrially important as hydrogen 
embrittlement, liquid metal embrittlement is a concern in the nuclear 
power industry where liquid metals are used as heat transfer media~ 
Liquid metal embrittlement is also encountered occasionally in other 
industrial situations, where it is not well understood. A lack of in-
formation about the effect of mercury on nickel base alloys led Price 
5 
and Good to investigate the mercury embrittlement characteristics of 
ten nickel based alloys. Their findings indicate that all ten nickel 
alloys are embrittled to some degree. Their results are interesting 
because they suggest that the fracture surface characteristics are 
similar to those fotmd in hydrogen. 6 7 Indeed, Hertzberg and others 
suggest that hydrogen embrittlement, liquid metal embrittlement and 
stress corrosion cracking may all be due to the same mechanism. 




has done extensive work comparing mercury and hydrogen embrittlement 
in nickel single crystals, while Speidel9 has shown a connection between 
liquid metal embrittlement and stress corrosion cracking. 
B. Purpose of Investigation 
1. To determine the extent of embrittlement of nickel alloys in 
the hydrogen and mercury environments under a variety of conditions. 
2. To discover and classify the fracture topography to determine 
similarities and differences between mercury and hydrogen fractures. 
3. To document the effects of hydrogen and mercury embrittlement 
on specific properties in the alloys under differing conditions; to 
discover how material and environmental conditions affect the extent 
of embrittlement. 
4. From the experimental evidence and the literature, to comment 
on the implications of this research to environmental assisted cracking 





A large amount of literature exists concerning hydrogen embrittle-
ment of high strength steels. Many theories have been proposed to 
explain these phenomenona in steels. A recent review of the subject 
is reference 10. For nickel based alloys, however, much less research 
bas been done. Hydrogen embrittlement of nickel alloys, in some ways, 
is much different than in hydrogen embrittlement of steels. For ex-
ample, nickel alloys have the face centered cubic (FCC) structure that 
is closed packed and does not allow diffusion to occur readily while 
steels have a more open body centered cubic (BCC) structure. In steels, 
only high strength steels are affected by hydrogen embrittlement while 
the affect of nickel alloys does not depend on strength levels, because 
pure nickel single crystals are embrittled. In light of the differences 
between nickel alloys and high strength steels, it is possible that the 
embrittlement is not caused by the same mechanism. 
7 Lynch, in a recent 
paper, reviews the 5 prominent theories of hydrogen embrittlement of 
high strength steel. He contends that these theories are also appli-
cable to hydrogen embrittlement of nickel alloys. 
4 
5 
B. Mechanisms of Hydrogen Embrittlement 
1. High Pressures at Internal Voids 
The idea behind this theory is that atomic hydrogen diffuses through 
the metal lattice and recombines at discontinuities, such as grain bound-
aries and second phase particles to form molecular hydrogen, which builds 
4 11 
up to large pressures (10 MPa). These pressures then assist the crack 
growth process by increasing the actual stress around the crack tip. 
This process is responsible for the occurrence of hydrogen blisters in 
steels and has been shown to be a contributory factor to hydrogen em-
11 
brittlement in some specific cases. However, for face centered cubic 
materials, the steady state diffusion rate is too low to account for 
12 
hydrogen embrittlement more than a fraction of a millimeter deep. 
Results from a study13 on Inconel 600 have shown that precharging of the 
specimens is not needed to cause hydrogen embrittlement, and indeed the 
amount of precharging is not a very significant variable. Some revisions 
of this theory have stipulated that vastly increased hydrogen diffusion 
rates occur during plastic deformation and the voids become pressurized 
during the necking process. Pressure theories, by themselves, do not 
explain the very large variations in the amounts of reduction in plasti-
city between similar alloys. Also, the great similarities between 
hydrogen embrittlement and liquid metal embrittlement are not well ex-
plained by a volume effect theory such as this because liquid metal em-
brittlement is most likely a surface effect, as will be shown later. 
2. Interactions Between Dissolved Hydrogen 
and Dislocations 
. 14 15 
Beachem and others · observed that in some cases subcritical 
6 
crack growth in gaseous hydrogen produced entirely dimpled fracture 
surfaces, thus they reasoned that the hydrogen facilitated plastic flow. 
This would allow a crack to pass through a material at a lower stress 
intensity and cause a smaller reduction in area at fracture. This 
theory implies that all fractures are essentially ductile and plastic 
flow occurs in a very small region around the crack tip. Hydrogen is 
transported to the region around the crack tip by plastic deformation, 
in this theory, and thus this is a volume effect. Therefore, any 
similarity between liquid metal and hydrogen embrittlement would be 
coincidental because they are due to different causes. There is some 
evidence that hydrogen affects plasticity but this is very difficult to 
prove because of pressure effects. In fact, the presence of hydrogen 
may increase or decrease plasticity at the crack tip which has led to 
theories quite the opposite to Beachem, based on the assumption that 
hydrogen restricts plastic flow and leads to decohesion at the crack 
tip. Some of the evidence to support this theory is based on high per-
formance SEM and TEM photomicrographs that suggest, that even in the 
intergranular cracking mode, the facets of each grain are covered with 
extremely small, shallow microvoids, resolvable only at magnifications 
over 5000 X. This may well be the case but it is hard to prove that 
this evidence of plasticity is the general case and not caused by other 
effects, such as second phase particles or deformation that occurs 
after the surfaces have separated. Also, two of the five theories 
could account for this microplasticity. In any case, a theory that 
explains hydrogen embrittlement by a volume effect (dissolved hydrogen 
interacting with dislocations) is at variance with evidence that 
hydrogen embrittlement is a surface effect in many instances. 
3. Decohesion at or Ahead of Crack Tips 
This theory is based on the proposed weakening effect that hydro-
gen has on the cohesive strength of atomic bonds and was developed by 
Troian16 and extended by Oriani. 17 It is supposed that the hydrogen 
accumulates around the crack tip, within a few atomic distances of the 
crack and lowers the stress required for tensile separation of atoms 
just ahead of the crack tip. This idea was later modified to account 
7 
for the plasticity effects (microvoid coalescence) by proposing that the 
process occurred in two distinct steps. First, decohesion is facili-
tated by hydrogen in some areas, and, next, the areas not affected by 
hydrogen are plastically torn. This implies that some areas on every 
hydrogen embrittled specimen should have some microscopically brittle 
areas, such as cleavage facets, but this is not the case, for many 
samples have seemingly 100% microvoid coalescence fractures. There is 
some debate as to the exact mechanism by which the proposed bond 
. 
rupture occurs. S . . 7 h . h k ld ome investigators t eorize t at a crac wou pro-
pagate in a brittle manner only if the tensile stress at the crack tip 
became larger than the cleavage stress, before the material could plas-
tically deform by a shear mechanism, to relieve the tensile stress. 
Therefore, the hydrogen must either decrease the cleavage stress or 
interfere with the plastic deformation process at the crack tip. 
Rice18 proposed that hydrogen inhibited the nucleation of disloca-
tions at the crack tip thus affecting plastic deformation. Decohesion 
is consistent with the observation that hydrogen embrittlement is a 
surface effect, but there is doubt as to whether cleavage would occur 
before plastic deformation. Indeed, if plastic deformation (movement 
• 
of dislocations) was made more difficult, then the tensile strength 
would rise, but this is not the case. 
4. Reduction of Surface Energy by .t\]Jsorption 
This theory accounts for hydrogen embrittlement by a reduction in 
19 the energy required to create new surfaces by bond rupture. This is 
a surface effect theory, which is consistent with experimental observa-
tions for nickel alloys. This same mechanism can account for liquid 
metal as well as hydrogen embrittlement. The idea is based on the well 
known Griffith criterion and for ideal brittle materials. The energy 
required to rupture bonds (<jib) can be written: 
(1) 
where ys and yb are surface energies of the created surface and removed 
grain boundary respectively. In the actual case, the total energy re-
quired for crack propagation will also include energy used to move dis-
locations, ¢ (creation of the plastic zone): 
b . 
,.J., = ,.J., + <P 
'l't 't'b p (2) 
Although the plastic energy term will be much greater than the surface 
8 
it can be shown 
20 
that cp depends in the vicinity energy term, on stress p 
of the crack tip, which in turn depends on ¢b. In other words, to pro-
duce a new crack surface, bonds must be broken. In order to break these 
bonds, sufficient stresses must be developed at the crack tip, in 
producing these stresses, a large plastic zone is created. The large 
plastic zone uses most of the energy needed for this process but the 
amount of energy needed to rupture the bonds at the crack tip, although 
small, controls the size of the plastic zone, and thus the amount of 
embrittlement. In order to understand how an embrittling agent would 
lower the amount of energy required to rupture bonds, imagine a crack 
propagating through a lattice (Figure 1). For crack propagation to 
occur, bonds of the type A-A , A-A , would be broken. Such bonds would 
0 1 
have potential energy-separation curves shown in Figure 2. To break 
a bond, stress, a , needs to be exceeded, and this stress is lower when 
m 
9 
the embrittler atom is present. The reason this stress is lower is that 
the amount of energy required to break the bond is lower due to chemi-
sorption. The reason the amount of energy required is lowered is that 
the embrittler atom adds its potential energy to the system when it 
chemisorbs. This theory can explain many of the effects of hydrogen 
embrittlement but leaves questions such as why some materials are more 
susceptible than others and why mercury is a more embrittling environment 
in some cases and hydrogen in others. 
5. Nucleation of Dislocations at Crack Tips 
7 
Lynch has proposed that hydrogen assisted cracking is due to the 
effect of absorption on the nucleation of dislocations at crack tips. 
He bases his theory on the idea that liquid metal and hydrogen embrit-
21 
tlement produce the same features in many alloys. In liquid metal 
embrittlement, Lynch argues that chemisorption at the crack tip is 
the only possible reaction that could account for embrittlement. He 
reasons that plastic flow at the crack tip is responsible for both 
liquid metal and hydrogen embrittlement. Much of his case rests on some 
Figure 1. A proposed model of crack propagation through a 
metal lattice in which the embrittler atom 
interacts with the surface. 
Figure 2. Potential energy and stress separation curves 








experimental work involving ultra high strength steels, that depend on a 
very fine dispersion of a hard second phase in a ductile matrix to provide 
22 
strength. Lynch uses high magnification (5000 X) SEM and TEM micro-
graphs to show that even in the intergranular cracking case, grain facets 
that appear to be flat at lower magnification (500 X) are actually cover-
ed with microvoids. He based most of his experimental evidence on 
materials that would also have a fine, hard, second phase at the grain 
boundaries. When an intergranular crack occurs, for any reason, these 
second phase particles would produce some type of pock mark. These pock 
marks may look similar to ductile microvoids when viewed at very high 
magnification. These pock marks would not be due to a ductile fracture 
process but be an artifact of the second phase particles and would occur 
regardless of the fracture mechanism. To determine if microvoids indeed 
occur on intergranular fracture surfaces, a material is needed that exhi-
bits intergranular cracking but also has few second phase particles. 
Such materials include Nickel 200 or Monel 400 that are studied in this 
thesis. However, Lynch does present a large amount of experimental evi-
dence to show that liquid metal and hydrogen embrittlement produce 
similar effects in aluminum, nickel, titanium and iron based alloys. 23 
Lynch needs to prove three facts to show that his theory could be valid. 
First, liquid metal and hydrogen embrittlement are the same mechanism. 
Second, that the mechanism is linked to chemisorption in both cases. 
Third, the microscopic fracture mode is always ductile. This theory and 
the reduction of energy theory are very similar and differ only in the 
exact mechanism by which chemisorption effects the crack tip. 
13 
C. Mechanisms of Liquid Metal 
Embrittlement 
Liquid metal atoms are usually about the same size as the atoms in 
the metal lattice, so interstitial diffusion does not occur, and sub-
substitutional diffusion rates are too low to be significant at room 
temperature. So, liquid metal embrittlement must then be a surface ef-
feet because any interaction between a liquid metal and a solid metal 
must occur at the interface between them. 
Liquid metal embrittlement is a simpler process to analyze than 
hydrogen embrittlement because there are far fewer possible mechanisms. 
24 
Kamdar has determined that chemisorption is the only possible re-
action that could occur during liquid metal embrittlement, at a high 
enough rate to allow cracks to move at velocities observed during 
embrittlement. Chemisorption is the reaction of a liquid at the sur-
face layer of atoms in a solid. For this reaction to occur spontane-
ously a net reduction in total potential energy must result. According 
to Kamdar, liquid metal embrittlement is due to chernisorption affecting 
the crack tip in a way that allows the crack to move through the 
material easier. There are three theories that explain the effect of 
chernisorbed liquid metal on the crack tip. These theories are almost 
the same as the last three theories presented already to explain hydro-
gen embrittlement. They are the decohesion at the crack tip, reduction 
in surface energy due to absorption, and the nucleation of dislocations 
at the crack tip. The theories differ with their counterparts that are 
proposed to explain hydrogen embrittlement only in that mercury is 
chemiabsorbed instead of hydrogen. Each theory still retains the 
14 
relative strengths and weaknesses outlined eariler. 
D. I Observations Concerning Liquid Metal 
and Hydrogen Embrittlement 
The literature contains much information concerning the effects of 
hydrogen on steel. Less information is available concerning liquid 
metal and hydrogen embrittlement of nickel and its alloys. This infor-
mation can be divided into two catagories, generally accepted observa-
tions and controversial observations. 
1. Generally Accepted Observations 
Some observations are common to the works of many authors and are 
the cause of little or no disagreement. These are presented below. It 
has been shown the hydrogen and mercury embrittlement do not signifi-
cantly affect the tensile strength of any nickel alloy under any condi-
t . 5' 23 ion. Even in the most severe case, the embrittlement of Hanel, 
which is intergranular, the tensile strength was only slightly re-
d d 5,19 uce • 
25 
One investigator has reported a reduction in tensile 
strength in ultra pure Inconel 600. 25 However, these tests were per-
formed on very fine wires (0.8 mm) which means a large surface to 
volume ratio and a domination of surface effects. Another commonly 
observed feature is that hydrogen embrittlement and liquid metal em-
brittlement cracks begin on the surface and grow inward during a slow 
tension test. This leads to a fracture much different in macroscopic 
appearance than the normal cup and cone fracture where the cracks start 
26 27 27 
on the inside and grow outward. ' Additionally, it has been shown 
that no cracks are nucleated until significant amounts of strain have 
15 
occurred and different materials require different amounts of strain to 
nucleate surface cracks. The only exception to the rule is fractures 
that exhibit almost 100% microvoid coalescence and these fractures are 
accompanied by small losses in ductility. The affect of embrittler con-
centration upon the extent of ernbrittlement is another area where it is 
agreed that increased embrittler concentration leads to increased em-
brittlement effects. In liquid metal ernbrittlement, this effect has 
28 
been shown by Kamdar for the embrittlement of Cadmium by Indium, using 
mercury as an inert carrier (Figure 3). In hydrogen embrittlement, it 
has been shown, for Monel alloys, that changing current, hence embrit-
tler concentration affects the extent of embrittlement19 (Figure 4). 
Connnon to all studies are the fractographic features found in both the 
hydrogen and mercury ernbrittled specimens. The general sequence of 
features is intergranular, transgranular and then microvoid coalescence. 
Each stage may be accompanied by secondary cracking and not every stage 
occurs on every fracture. In mercury or hydrogen assisted fatigue 
fractures, the same cracking modes and orders are observed. 7 In both 
the hydrogen and mercury assisted fatigue, the fatigue crack propagation 
. d 13 f h 23 h . . h f . rates were increase • Data rom Lyne s ow increases in t e atigue 
crack growth rate, as measured by striation spacing, in nickel single 
crystals by a factor of five in both environments. Data from Price and 
Good29 show a reduction in fatigue life in 10 different nickel alloys 
in mercury. There are also data13 to show that, in Inconel 600, 
lowering the frequency of testing increases the crack growth rate. 
Also, this same study shows that hydrogen precharging and mean stress 
have little to no affect on the crack growth rate. In mercury, these 
kinds of data are not in the literature. In the slow strain rate 
Figure 3. Variation in ductility of polycrystalline cadmium 
with the indium content of a mercury-indium 
surface coating. 
Figure 4. Variation of ductility with hydrogen charging 
rate for Monel 400. 
17 
-~ 50 '-' 
Q) 
H 

















0 10 20 30 40 50 60 
Atomic Percent Indium in Mercury 
40 






















0 10 15 20 
Hydrogen Charging Rate (mACm-1 ) 
25 
tensile tests, it has been shown that lower strain rates cause more 
embrittlement affects. This is true for all alloys tested and in both 
the mercury and the hydrogen environment. 30 Both electrolytic and 
18 
gaseous hydrogen produce similar fea'tures on the same alloys, so it ap-
pears that the source of hydrogen does not influence the type of embrit-
tlement. As far as the electrolytic charging solution is concerned, it 
has been Shown31,32 that the hydrogen, not the charging solution, causes 
the embrittlement in nickel based alloys and the only effect of changing 
23 
the solution is to change the hydrogen entry rate. Lynch has dis-
covered that in mercury and hydrogen embrittlement and even stress cor-
rosion cracking of many FCC alloys including nickel, in single crystals, 
the crack path was always parallel to the {100} plane and crack growth 
direction was <110>. 
2. Controversial Observations 
Several investigators, including Lynch, have theorized that hydro-
gen and liquid metal embrittlement are the same mechanism. The similari-
ties are very apparent from the large amount of fractographic evidence 
23 
gathered from several different materials by Lynch. However, many 
theories of hydrogen embrittlement cannot accomodate this idea because 
they are based on a volume effect. Although a large body of experi-
mental evidence supporting these theories has been gathered, no evidence 
has been presented to date that proves the liquid metal and hydrogen 
embrt'ttlement do not have the same mechanism. Another issue is the 
effect of stacking fault energy on hydrogen embrittlement of nickel 
alloys. 
15 
Some researchers have argued that the more planar the slip, 
the more the embrittlement. Experiments have been done on stainless 
33 34 
steels and nickel based alloys to show this correlation. The 
experiments are based on the idea that decreasing the stacking fault 
energy promotes planar slip, alloying elements, such as Chromium and 
35 
Molybdenum, lower the stacking fault energy and therefore highly 
alloyed nickel alloys would be more susceptible to hydrogen embrittle-
ment than lower alloy materials, under this theory. The basis of this 
idea is that hydrogen diffusion is increased when planar slip occurs. 
34 
Thompson has proposed planar slip promotes increased embrittlement 
and this increased embrittlement can be correlated to a decrease in 
19 
average void size. He reasons that if hydrogen transport was increased, 
then hydrogen assisted void nucleation would increase. If more voids 
are nucleated, then the average void size would be smaller, therefore, 
the amount of embrittlement can be correlated to the average decrease in 
void size, for a given material, which can be correlated to the planar 
slip and finally to the amount of alloying elements. This is relatively 
recent work and further evidence is not available. 
The final and most controversial observations are the affect of 
impurities on the extent and type of embrittlement. The elements phos-
phorus, sulfer, tin, and boron have an effect on the embrittlement of 
nickel alloys according to some researchers. However, the cause, amount 
and even the type of effects are a center of much disagreement. Most of 
the experimental work is generally done the same way. A material, with 
some chosen impurity, is tested in the furnace cooled and the quenched 
state. The furnace cooled sample would presumably have this impurity 
at the grain boundaries, while the quenched sample would not. The sam-
ples were fractured in the environment selected, and the two sample 
states are compared for the degree of embrittlement, especially with 
respect to the amount of intergranular ernbrittlement. Next, an Auger 
spectrum analysis was performed on the intergranular fracture surface 
to determine the composition of the surface layer (an Auger spectrum is 
an electron energy surface analysis technique). The chosen element was 
segregated at the grain boundaries and caused an increased or decreased 
embrittlement. The most studied element is phosphorus. 
19 
Funkenbusch 
stated that in Monel 400 the segregation of phosphorus to the grain 
boundary causes decreased ernbrittlement, as measured by elongation at 
fracture. He attributed this effect to either the improvement of grain 
boundary cohesion or to increase grain boundary packing efficiency. He 
noticed the same effect in both the mercury and hydrogen embrittled 
specimens. He discounted the affect of phosphorus on grain boundary 
cohesion due to other studies that show that cohesion is decreased by 
20 
the presence of phosphorus. 
30 
Another study, involving the nickel based 
alloy Hastelloy C-276 in hydrogen, shows that embrittlement (as measured 
by time to fracture) was increased by phosphorus segregation. It showed 
that embrittlement occurs in two distinct stages as a function of aging 
time. The first stage, which occurs relatively quickly, is attributed 
to short range ordering, while the second stage, which occurs after some 
time, is attributed to long range ordering. It is proposed that order-
ing causes more planar slip, and planar slip causes increased hydrogen 
transport, thus increased embrittlement. These two studies are just ex-
amples of the research in this area. Clearly, the exact effect of phos-
phorus segregation is still not known. The effects of other elements 
that are known hydrogen recombination poisons has also been researched. 
Latanison32 has proposed that, in nickel 270, the segregation of tin to 
the grain boundaries acts to increase hydrogen absorption into the 
21 
material, because tin acts as a hydrogen recombination poison. Other 
elements such as boron and sulfer have also been similarily studied. 
The conclusions that can be drawn from this experimental evidence are f 
that the results are not consistent from one investigator to the next, 
and that theories based totally on this type of experimental evidence 
may be hazardous. It is interesting that aging affects the amount of 
hydrogen embrittlement in such a way, and there may be some unforeseen 
variable affecting the testing. 25 Cornet has attempted to eliminate 
any unforeseen impurity by using ultra pure materials to examine the 
affect of carbon, phosphorus and tin on the embrittlement of Inconel 600. 
The maximum level of impurity in his samples was 20 parts per million 
and great pains are taken to prevent contamination. Each sample to be 
tested was doped with the element to be examined, and the sample was 
tested in the usual way. His conclusions are that impurity segregation 





The testing was limited to slow strain rate (SSR) tensile tests and 
pulsating tension fatigue tests, using the materials testing system (MTS 
machine). The test specimens were the same for both the tensile and 
fatigue tests, and were similar to rotating beam fatigue specimens, with 
dimensions given in Figure 5. A 600 grit surface was used initially and 
for fatigue tests, but an as machined surface proved to be satisfactory 
for tensile tests. In the surface cracking studies, the sample surface 
was chemically polished in a solution of mixed acids. 36 To obtain a 
known current density, a known area was exposed to the solution by iso-
lating all but the center 12.5 rrnn of the sample by ta!)e. In the mercury 
testing, the technique of Price and Good5 was used. 
In the hydrogen testing, unless otherwise specified, the following 
-2 
conditions were used. The charging rate was Lf00 Am , the sample was 
precharged 2 hours before the test, and charging continued during test-
ing. Displacement control was used on the MTS machine with a ramp 
-4 -1 velocity of 7.6 x 10 mmS • The testing was done at room tempera-
ture. The following technique was generally used for these tests. 
First, the sample diameter was measured and recorded, then the sample 
gage length was isolated by tape. The sample was then placed in the cell, 
the appropriate solution was poured in and the potentiostat connected. 
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The sample was then placed into the testing machine grips. If this were 
a slow strain rate (SSR) tensile test, the appropriate rate was selected· 
on the function generator. This function generator controls the rate 
(velocity) at which the grips separate. During testing, usually the 
current was maintained thus hydrogen charging continued throughout the 
test. Slow strain rate tests took 3-4 hours typically, depending on 
the sample ductility. If a fatigue test were being performed, the same 
sample preparation procedure was followed. After the sample was placed 
in the machine, a sine wave was generated by a function generator, and 
this wave was converted into force and applied to the specimen. The 
stress varied sinusoidally between 0 and 75% of the tensile strength 
typically. The frequency used was a variable over the range of 3 to 
40 Hz, but was constant during a test. After a sample failed, it was 
cleaned in the ultrasonic cleaner, first in water, then in an organic 
solvent. The fracture surface was then examined in the stereo zoom 
microscope (SZM) and in the scanning electron microscope (SEM). The 
reduction in area was measured using a caliper type micrometer, on the 
smallest cross section in the necked region. 
B. Equipment Used 
The materials testing system (MTS) can be described as an electro-
mechanical, feedback controlled testing system. The controlled variable 
can be either load, stroke (position) or strain. An electrical voltage, 
corresponding to one of these three variables is fed into the hydraulic 
control unit. This unit also receives feedback signals from a load cell, 
a LVDT and a strain gage. The appropriate feedback signal is compared 
to the input signal and an error function is generated. This error 
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signal drives the hydraulic servovalve in the proper direction to elimi-
nate the error. The load, strain or stroke is read directly from the 
feedback sensors and is displayed on the digital indicator. This indi-
cator also stores the largest load encountered, which is used when cal-
culating the tensile strength. The system has a capacity of 55,000 
pounds and a resolution, when used in the configuration needed for this 
+ + 37 testing of -.0005 in and _5 pounds. The system uses self tightening 
grips to hold the specimen. The hydrogen is generated electrolytically. 
The amount of hydrogen generated depends on the current density. The 
current, in this study, was controlled using a Princeton Applied 
Research model 173 Galvanostat, to within 0.2% of the scale reading. 38 
The specimen was the cathode with a platinum wire anode. In this way, 
the hydrogen was generated at the specimen surface. The cell used for 
the hydrogen testing was made of plexiglass and steel, with all steel 
parts coated with paraffin (Figure 6a). The mercury testing cell was 
made of steel and was coated with epoxy (Figure 6b). The electron 
microscope used was a Jeol model 35. The mercury used in this study 
was triple distilled instrument grade. The solution, used as an 
electrolyte in the hydrogen embrittlement tests, consisted of distilled 
water with sulfuric acid (H2so4) added to give a pH of 3.2, plus 0.25 
gl-l of sodium arsenate as a hydrogen recombination poison. This solu-
d f d h . 31 tion is reconnnende' by ASTM or mo erate c arging rates. All chemi-
cals used were reagent grade. 
C. Experimental Technique 
The samples were machined out of round bar stock, 12.5 mm diameter. 
The bar stock was cold drawn and the specimens were machined along the 
a. Cell used for hydrogen testing. 
b. Cell used for mercury testing., 
Figure 6. Environmental test cells used in this study. 
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cold working direction. The as machined surface was polished to a 600 
grit surface finish when needed. The annealed specimens were heat 
treated in a furnace under a mild vacuum (about 25 Pa) for 1 hour at 
750 C typically. After they were taken out of the furnace, all scale 
was removed by sanding. For the void size and distribution measure-
ments, the following technique was used. Photographs were taken of 
typical microvoid areas in the SEM at 500 magnification. The specimen 
was always aligned with the viewing plane to assure accurate magnif ica-
tion; next, a transparent overlay, with 5 µm and 10 µm equivalent size 
circles was placed on the photograph. The voids on the photograph were 
sorted and counted according to the overlay. 
CHAPTER IV 
RESULTS AND DISCUSSION 
A. Results 
1. Tests in Mercury 
The tests of Price and Good5 ' 29 were not repeated, but their frac-
tured specimens were studied and additional measurements made. Further 
testing was done when necessary. The alloys studied are given in Table 
I and, the results in Table IIo The tests used by Price and Good were 
similar to the SSR tensile and fatigue tests used in the present study. 
The results show that all alloys could be embrittled to some extent by 
mercury, as determined by a reduced reduction in area, yet the tensile 
strength was not significantly reduced in any alloy in mercury. A cup 
and cone fracture with cracks· beginning in the interior, which was the 
normal mode for these SSR tensile tests, was replaced by a flat or slant 
fracture with cracks growing from the outside inward, in all but Incoloy 
800 and Incoloy 825. Examples of fractures in mercury are shown in 
Figure 7. The Incoloys were least ernbrittled, showing an essentially 
microvoid type fracture surface and little change in reduction of area 
over samples tested in air (Figure 8). Mone! 400 was the most em-
brittled alloy, having a 100% intergranular fracture surface, while 
Monel R405 was embrittled to a much lesser extent, the fracture surface 



















ALLOYS TESTED BY PRICE 
AND GOOD 
Yield Str. Tensile Str. 
HP a MPa 
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RESULTS OF PRICE AND GOOD 
Alloy Reduction in Area Fatigue Life Tensile Strength 
(%) (103 cycles) (MP a) 
Mercury Air Mercury Air Mercury Air 
N02200 60 84 49 200 548 554 
N02200* 59 73 130 265 840 861 
N04400 11 67 3.4 630 579 581 
N044oo~~ 4 54 52 200 892 935 
N04405 20 62 7 241 ' 672 672 
N04405)'( 12 54 28 47 963 966 
N05500 9 74 12 360 582 630 
N06600 12 65 60 200 754 826 
N06625 6 63 170 400 940 940 
N07718 12 58 74 190 920 924 
N07750 13 35 44 62 1198 1218 
N08800 39 65 22 490 687 756 
N08825 68 66 28 170 785 784 
*Cold Worked 
a. A typical cup and cone fracture of Incoloy 800 tested 
in mercury. 
b. A typical slant fracture. Monel R405 tested in mercury. 
Figure 7. The two types of fractures that occur in the 
mercury environment for the SSR tensile test. , .. 




microvoid coalescence occurred (Figure 9). Nickel 200 showed intermediate 
behavior, with a wide variety of fracture surface features as shown in 
Figure 10. Inconel 600 behaved similarly to Nickel 200, while Inconel 625 
behaved like Monel 400. In the alloys that showed some necking, exten-
sive side cracking occurred, which was either 45° to the stress axis and 
transgranular, or 90° to the stress axis and intergranular. The strain 
rate and the amount of cold work affected the extent of embrittlement. 
If the strain rate were lowered, more embrittlement would occur and the 
side cracking would change modes from 45° to 90° to the stress axis 
', ''( ( 
(Figure 11) and side cracks became less numerous. Cold working led to 1 
I 
less embrittlement and a tendency toward transgranular rather than inter-
granular fracture modes. The fatigue tests in mercury led to reduced 
lifetimes for all alloys (Table II). Fractographic features were similar 
to the SSR tensile test but striations, normally associated with fatigue 
were only occasionally seen. They were not seen in Monel 400. The fati-
gue test seemed to cause more embrittlement than the SSR tensile test, 
because intergranular fatigue zones formed on Inconel 800 and Inconel 
825, both of which were not severely affected by the SSR tensile test 
in mercury. 
2. Exploratory Tensile Tests in Hydrogen 
In light of the similarities for the different alloys in mercury, 
not all of the same alloys were tested in hydrogen, rather representive 
alloys for each category were chosen, Nickel 200, Monel 400, Monel R405, 
Inconel 625, Hastelloy C-276 and Incoloy 825. The results, Table III, 
n 'I 
showed no drop in the tensile strength occurred between the hydrogen 
I I 
and air environments but a reduced reduction in area did occur in most 
Figure 8. A Monel 400 fractured in air. This is a cup and 
cone fracture, which is the normal mode for SSR 
tensile tests in air. 
a. The fracture surface of a Monel 400 tested in mercury. 
This mixture of intergranular and transgranular 
crystallographic fracture modes was almost constant 
across the surface. 
Figure 9. Fractographic features found in Monel in Mercury. 
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b. A Monel R405 fracture surface under conditions identical 
to Figure 9a. The fracture began similarly to Monel 
400 but a change to a transgranular mode with tearing 
and maybe microvoids occurred toward the midsection, 
as shown. 
Figure 9. Continued 
a. A transgranular crystallographic fracture surface of 
Nickel 200 tested in mercury. This is a typical 
fracture surface in the area toward the outside 
edge of the specimen. 
"' Figure ·.10. Fractographic features found in Nickel 200 
in mercury. 
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b. A bit further in the fracture mode changes ~o non-
crystallographic transgranular with no secondary 
cracking. 
c. Toward the center of the Nickel 200 specimen, the 
fracture changes to microvoid coalescence. 
Figure 10. Continued. 
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a. 45° to the stress axis cracks that occur in the necked 
region of a SSR tensile test of Nickel 200. 
b. 90° to the stress axis cracks that occur in the necked 
region of a SSR tensile test of Monel 405. 




HYDROGEN El-IBRITTLENENT DATA 
Alloy Reduction in Area (%) Tensile Strength (MP a) 
Hydrogen Air Hydrogen Air 
N02200 39 84 
/!/(,, 1 (~SJ.\ 
526 l ' - 536 
N02200* 38 . 73 871 880 
N04400 12 67 570 581 
N04400* 14 54 881 935 
N04405 30 62 616 672 
N06625 39 63 990 940 
N06625~~ 33 41 1636 1654 
Nl0276* 56 67 860 890 




alloys. The fracture mode changed from an internally initiated, cup 
and cone fracture in air to a surface initiated flat or slant fracture 
in hydrogen (Figure 12). The exception was Inconel 825 which had a cup 
and cone fracture in hydrogen. Side cracking occurred in every alloy. 
Cold work caused less embrittlement in all alloys, as evidenced by less 
intergranular cracking .and an earlier onset of microvoid type fracture 
surfaces. Below are some observations for each class of alloy. 
Nickel. Nickel was the base material for all alloys tested and 
showed the widest range of features. The degree of embrittlement was 
moderate, somewhere between the Monel and Inconel 625. The wide range 
of features, from transgranular crystalographic to microvoid coales-
cence are shown in Figure 13. 
Nickel-Copper Alloxs. Monel 400 gave the most embrittlement of 
any alloy in hydrogen. The fracture surface was essentially homo-
geneous with a mixture of intergranular and transgranular crystallo-
graphic modes as shown in Figure 14. Monel R405 gave much less 
embrittlement. Monel R405 fractures in hydrogen started intergranular, 
like Monel 400, but a transition to transgranular then to microvoid 
coalesence occurred. A large amount of secondary cracking accompanied 
the transgranular region (Figure 15). 
Nickel Chromium Alloys. Alloys Hastelloy C-276 and Inconel 625 
behaved similarly when tested in hydrogen. Both alloys had a small 
rim of mixed crystallographic and non-crystallographic fracture sur-
face (Figure 16) which led, within a millimeter, to a microvoid type 
fracture surface. The fracture started from the outside and both 
cases showed extensive side cracking. 
a. A typical cup and cone type fracture of Incoloy 
825 in hydrogen. Notice the similaritv to 
Figure 8. · 
b. A typical SSR tensile test fracture in hydrogen. 
The failure started from the outside surface. 
The material is Inconel 625. 
Figure 12. The two failure modes found in the hydrogen 
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a. A Nickel 200 fracture surface toward the outside edge. 
This crystallographic transgranular mode is typical 
of the edge area. 
b. A Nickel 200 fracture, a bit in from the edge where the 
fracture mode changes to transgranular crystallographic 
and non-crystallographic with secondary cracking. 
Figure 13. Features found in Nickel 200 fractured in 
hydrogen. 
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c. A Nickel 200 specimen, between the edge and the center 
where non-crystallographic transgranular with no 
secondary cracking is present. 
d. Toward the center of this Nickel 200 specimen the 
fracture mode goes to microvoids. 
Figure 13. Continued. 
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Figure 14. The fracture surface of Monel 400 tested in 
hydrogen. The fracture mode was mostly 
intergranular with some transgranular 
tearing. 
Figure 15. The fracture surface of Monel R405 looked the 
same as Monel 400 at the outside edge but a 
change to transgranular crystallographic 
with secondary cracking (as shown in this 
figure) and then to microvoid coalescence 
occurred toward the center of the specimen. 
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Figure 16. Non-microvoid type fracture surface that occurs 
in Inconel 625 around the outside edge of the 
specimen. The fracture mode changes quickly 
to microvoid, as seen in the lower right 
corner. 
Figure 17. Part of a small area of non-microvoid type fracture 
surf ace that occurs on the outer edge of this 
Incoloy 825 fractured in hydrogen. 
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Nickel-Chromium-Iron Alloys. Incoloy 825 was the only alloy that 
gave a cup and cone type fracture and suffered the least loss O·f ducti-
bility of any alloy tested. In the SEM, a very small rim of material, 
less than 2 grains deep did .show signs of embrittlement in the form of 
crystallographic and non-crystallographic cracking (Figure 17). 
3. Exploratory Fatigue Tests in Hydrogen 
The fatigue tests in hydrogen were limited to Nickel 200, Monel 400 
and Monel R405, Inconel 625 and Incoloy 825. The objective was to deter-
mine whether the behavior of hydrogen paralleled that of mercury. The 
fatigue lifetimes are compared in Table IV. In hydrogen, as in mercury, 
the fatigue lifetimes were all reduced. Nickel 200 was especially af-
fected, as evidenced by the short fatigue life in hydrogen and a change 
in fracture mode from transgranular to intergranular (Figure 18). In 
the hydrogen environment under fatigue loading, Incoloy 825 showed the 
least reduction in life of all alloys under the SEM. The fatigue zone 
was only slightly affected by hydrogen (Figure 19). With the exception 
of Nickel 200 and Inconel 625, lives of all alloys in hydrogen were 
greater than the corresponding lives in mercury. Fractographically, the 
fatigue fractures were similar to the tensile fractures except that 
striations were sometimes seen in fatigue (Figure 20). 
4. Determination of Significant Variables 
Using Nickel 200 
Having established that all alloys are emhrittled by hydrogen in a 
way broadly similar to mercury, Nickel 200 was chosen to perform 








FATIGUE DATA IN HYDROGEN 
AND MERCURY 















Figure 18. An intergranular fracture surface of Nickel 200 
fatigued in hydrogen, near the origin. 
Figure 19. The fatigue zone of an Incoloy 825 tested in 
hydrogen. The hydrogen apparently has little 
affect. 
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Figure 20. A rare patch of striations seen late in the 
fatigue zone of Nickel 200 tested in hydrogen. 
61 
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The Effect of the Charging Solution. A test was run with the solu-
tion around the specimen but no hydrogen charging whatsoever. As expect-
ed, the failure was cup and cone and indistinguishable from the test in 
air with a large reduction in area, as shown in Table V. 
TABLE V 
EFFECT OF CHARGING SOLUTIONS ON THE 
AMOUNT OF EMBRITTLEMENT 
Environment % Reduction in Area Cup and Cone? 
Air 85% yes 
Solution 86% 
The Effect of Charging Rate. The customary charging rate of 400 
Am- 2 had been selected based on literature studies. 15 That this was 
-2 
appropriate was determined by examining charging rates of 10 Am to 
2400 Am.- 2• The results (Figure 21) show that at above charging rates 
of 400 Am- 2 the extra hydrogen does not affect the amount of embrit-
tlement. It is presumed that hydrogen saturation is occurring at the 
specimen surface and at crack tips. 
The Effect of Precharging Time. Specimens were precharged for dif-
ferent lengths of time before testing, with the charging continued during 
Figure 21. Variation of ductility with hydrogen charging 
rate for Nickel 200. 
lf") '1" '1" 


























testing. Also, a specimen was precharged for three hours and then test-
ed without charging during the test (no dynamic charging). The results, 
Table VI, show that precharging time was not an important variable and 
the absence of dynamic charging caused a cup and cone fracture that was 






THE EFFECT OF PRECHARGING 
IN NICKEL 200 
% Reduction in Area 
39% 
37% 
3 hrs - Precharge only 85% 




The Elimination of Precharging (l)ynamic Charging Only). Some 
specimens were tested with no precharging and only dynamic charging, 
beginning when the stress reached the tensile strength of the nickel. 
It was found, Table VII, that embrittlement occurred even though the 
hydrogen was available to the specimen only in the last 38 minutes of 
a 3 hour test. 
TABLE VII 
COJ:1PARISON OF PRECHARGED, DYNAMICALLY 
CHARGED, AND UNCHARGED SPECIMENS 
OF NICKEL 200 
Condition 
Precharged + dynamically 
charged 
Dynamically charged at 
T. s. only 
No charging 




The Effect of Strain Rate. A ramp velocity of 7.6 X 10-4 mms-l 
was used routinely. Experiments were performed at orders of magnitude 
66 
different rates, the results of which are shown in Table VIII. At high 
-2 -1 
strain rates, (>7.6 x 10 mms ramp velocity) a cup and cone type 
fracture occurred in nickel 200, while at lower strain rates, (<7.6 x 
-3 -1 10 mms ramp velocity, a flat or slant fracture would occur. The 
lower the strain rate used, the more the embrittlement, as evidenced by 
a trend towards more intergranular fracture features and less reduction 
in area. 
The strain rate also had a significant effect on the amount and 
type of side cracking as shown in Figure 22. At the higher strain 
rates, numerous cracks occurred 45° to the stress axis. When the strain 
rate was lowered, the 45° cracks disappeared and 90° to the stress axis 
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TABLE VIII 
STRAIN RATE EFFECTS IN NICKEL 200 
~mp Velocity mm/sec Environment % Reduction in Area 
7.6 x 10-2 Hydrogen 62% 
7.6 x 10-3 Hydrogen 57% tf r ~cc I\ u- .. 
7.6 x 10-4 Hydrogen 54% 
7.6 x 10-5 Hydrogen 42% 
7.6 x 10-4 Mercury 63% 
7.6 x 10-5 Mercury 61% 
cracks appeared. Lowering the strain rate still further caused a de-
crease in the number of 90° cracks and caused the remaining cracks to 
grow deeper. 
5. Specific Tests and Measurements 
Some specific tests and measurements were made because of matters 
arising from the previous section and from the published literature. 
Microvoid Counts. 
34 
One effect noticed by Thompson is that hydro-
gen reduced the microvoid size of lower stacking fault energy (SFE) 
Inconel 625 more than the higher SFE Inconel 600 when fractured in 
hydrogen. He correlated the magnitude of the reduction of microvoid 
a. 45° to the stress axis cracks that occur in Monel R405 
tested with a high strain rate. 
' 
b. At a lower strain rate, the crack mode chaRges to 90° 
to the stress axis in Mone! R405. 




size to the amount of embrittlement and to a materials SFE. Because 
alloying elements decrease the SFE of nickel alloys 39 there should be a 
large SFE difference between Nickel 200 and Incoloy 825, with the other 
nickel alloys between these two. Nickel 200 and Inconel 625 were 
studied most extensively with Monel R405, 400 and Incoloy 825 providing 
additional data. Samples were tested in hydrogen, air and, in the case 
of Nickel 200, and Incoloy 625, mercury environments. Void counts were 
made, using transparent overlays, as described earlier. The fractures 
started from the outside (except Incoloy 825) but once the fracture 
mode transition to microvoid occurred, there was no systematic change 
in microvoid size over the remaining cross section. However, local 
areas could be found that had up to a factor of two difference in void 
count. In Nickel 200, there were clear differences in appearance 
between the hydrogen and air samples and in the mercury and air sam-
ples. The difference appeared to be a lack of coarse voids in the 
hydrogen and mercury environments. The void size for the cold worked 
material was smaller, but a similar trend was apparent. These observa-
tions were confirmed by measurements (Table IX) and by comparative 
photographs (Figure 23). In Incoloy 625, there was no visible differ-
ence in appearance between any of the states. (Figure 24). Measurenents 
showed that the annealed material was effected very little by hydrogen 
while the cold worked material did show a small affect. 
High Magnification S~udies. Lynch7 has done some experimental 
work involving high magnification SEM and TEM observations of inter-
granular fracture surfaces of hydrogen and mercury embrittled steels. 
















COUNTS OF MICROVOID DIAMETERS FOR ANNEALED (AN) 
AND COLD WORKED (CW) SPECIMENS IN AIR (A), 
HYDROGEN (H) AND MERCURY (M) 
ENVIRONMENT, FOR AN AREA 
OF 0.01 MM2 
Condition Environment Mean Microvoids 
Count <5µm 5-lOµm 
AN A 155 68 22 
AN H 148 86 12 
cw A 298 90 6 
cw H 426 99 1 
AN A 338 92 7 
AN H 366 93 6 
cw A 216 86 7 
cw H 269 93 4 
AN A 137 67 16 
AN H 129 69 18 
AN A 233 90 6 
AN H 241 87 8 

















a. The microvoid size of a typical area of a Nickel 200 
annealed specimen tested in air. 
b. The microvoid size of a typical area of a Nickel 200 
annealed specimen tested in hydrogen. 
Figure 23. Results of the microvoid studies for Nickel 
200. 
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c. The microvoid size of a typical area of a Nickel 200 
annealed specimen tested in mercury. 
Figure 23. Continued. 
75 
• 
a. The microvoid size of a typical area of Inconel 625 
annealed tested in air. 
b. The microvoid size of a typical area of Inconel 625 
annealed tested in hydrogen. 
Figure 24. Results of the microvoid studies for Inconel 
625. 
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surfaces. An objective of this study is to determine if these voids 
appear on the intergranular fracture surfaces of the nickel alloys. 
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An intergranular fracture surface of Hanel 400 SSR tensile tested in 
hydrogen, a Nickel 200 fatigue tested in hydrogen and a Monel 400 SSR 
tensile tested in mercury were examined. As shown in the 5000 X SEM 
photographs in Figure 25; no microvoids appear in any photograph, al-
though slip traces do appear. To determine if the slip traces are 
formed during the fracture process, both halves of a large grained Monel 
400 sample, fractured in hydrogen, were examined. If the fracture sur-
faces looked the same, then the slip markings found were probably due to 
the fracture process, if not, the slip markings were formed after the 
surfaces separated. Both SSR tensile and fatigue loarling were used. 
The fracture surfaces were matched and then examined in the SEM. The 
results, Figure 26, show that the transgranular fracture surfaces 
clearly do not have the exact same markings. The markings that do 
appear are on the same slip system but it is clear that much more 
slip exists on one half of the sample. Under fatigue loading, the 
surfaces matched nicely. 
The Onset of Cracking. Because of the nature of the load control 
test, low strain rates occur before the tensile strength is reached, 
and high strain rates occur after. Because the strain rate is such an 
important variable, if hydrogen embrittlement occurred after necking, 
then a load control test would show very few embrittlement effects. 
Results from this study, Table X, show that a large reduction in area 
and few embrittlement effects occur in spite of the fact the standard 
test in hydrogen took about the same amount of time. 
a. A high magnification view of an intergranular facet of 
Monel 400 SSR tensile tested in hydrogen. 
b. A high magnification view of an intergranular facet of 
Nickel 200 fatigued in hydrogen. 




c. A high magnification view of an intergranular facet of 
Monel 400 SSR tensile tested in mercury. 
Figure 25. Continued. 
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a. One half of a large grained Monel 400 SSR tensile tested 
in hydrogen. 
b. The matching half of figure 26a in the exact same location, 
notice the two halves do not match. 
Figure 26. Both halves of a large grained Hanel, comparing 




LOAD CONTROL TEST RESULTS 
Test % Reduction in Area Cup and Cone? 
Load Control in H2 84% Yes 
Displacement Control in H2 39% No 
Displacement Control in Air 85% Yes 
The next step was to test an annealed Nickel 200 in hydrogen under 
SSR tensile test conditions where the test was stopped periodically and 
the sample was inspected with a zoom microscope (10-70 power magnifica-
tions) for cracks. Then the precise time that detectable cracks form 
would be pinpointed. The res'ults (Table XI) indicate that cracks become 
detectable between necking and failure. 








RESULTS OF CRACKING STUDIES 
















The amount of time that elapsed between the detection of a crack and 
failure was only 9 minutes. Next, a sample of annealed Nickel 200 was 
tested in hydrogen under SSR conditions to the point at which cracks were 
first detected in the previous test. The sample was removed, sectioned 
and examined in the SEM. The photographs showed, Figure 27, that many 
cracks were formed but all are relatively small, extending at most, 5 
or 6 grains along the surface. A closer examination shows that some of 
the cracks are transgranular and some are intergranular but all follow 
a path approximately perpendicular to the stress axis. Also, the cracks, 
as a rule, do not follow slip traces on the surface. A Nickel 200 an-
nealed sample was then tested in air to the same point as the previous 
test, to determine if cracks develop on the outside surface. As shown 
in Figure 28 the outside surface did have many incipient cracks at this 
point. Although the cracks are much smaller than the cracks in hydrogen, 
they show the same general pattern. 
Reference 41 shows that ductile microcracks do form on the outside 
surface of nickel alloys fractured in air. A striking resemblence to 
cracks formed in hydrogen is seen on the outside surface of a Hastelloy 
C-276 tensile tested in air (Figure 29). At this point, it was reasoned 
that if a crack could be formed on the outside surface of a specimen, 
that crack could grow in the hydrogen environment and cause failure be-
fore the tensile strength was reached. In an attempt to show this ef-
feet, two Nickel 200 specimens were fatigued in the solution, at a stress 
that gave a life of 200,000 cycles in air, for 4,000 and 40,000 cycles 
respectively. The load was removed, and a slow displacement ramp (7.6 
-4 x 10 mm/sec) was applied. It was thought that a fatigue crack would 
form on the specimen surface. However, no reduction in tensile strength 
a. Cracks that occur on the outside surface of a Nickel 
200 tested in hydrogen. 
b • A closeup of Figure 27a showing that cracks do not tear 
across slip traces on grain boundaries. 
Figure 27. Cracks that occur on the outside surface of a 




The outside surface of a Nickel 200 specimen, 
tested in air, showing incipient cracks. 
The outside surface of a Hastelloy C-276 
fractured in air showing 45° to the 
stress axis cracks. 
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occurred. Next, a Monel 400 annealed specimen was tested using a dif-
ferent technique; it was fatigued for 40,000 cycles at a stress that gave 
a life of 600,000 cycles in air, but in the hydrogen environment. With-
out removing the load, a slow ramp (7.6 x 10-4 mm/sec) was applied. The 
specimen did show a slight drop in tensile strength (Table XII). 
TABLE XII 
FATIGUE-TENSILE TEST RESULTS 
Reduction Tensile Strength 
Material Test in area "I (mPa) lo 
Monel 400 SSR tensile in Hydrogen 12 571 
Monel 400 Fatigue in Hz tensile in Hz 14 529 
Monel 400 Fatigue in Hz tensile in air 68 629 
B. Discussion 
1. The Effect of Hydrogen on Crack Initiation 
and Propagation 
Hydrogen embrittlement is caused by either easier crack initiation 
or enhanced crack propagation or both. If easier crack initiation were 
occurring, then cracks would appear earlier in the test than they would 
normally appear in air. The observation that hydrogen does not signifi-
cantly affect the tensile strength of any alloy tested, suggests that no 
cracking occurs until after the tensile strength is reached. Load con-
trol tests done in this study are consistent with this suggestion. 
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Interrupted tensile tests have shown that detectable cracks occur 
only well after necking begins, and that cracks in air form at about the 
same point as cracks in hydrogen. Also, hydrogen is needed only after 
the tensile strength is reached to cause embrittlement. This indicates 
that cracks occur on the outside surface sometime after the tensile 
strength is reached, regardless of environment. The results of the 
cracking studies show that hydrogen does not cause detectable cracks 
to form earlier than they would in air, thus it can be argued that 
hydrogen does not affect crack initiation. The observation that the 
fatigue lives of all alloys are reduced in hydrogen, and other evidence 
in the literature discussed earlier, suggest that hydrogen very much 
increases fatigue crack growth rates. Other observations from this 
study show that cracks become detectable only 9 minutes before failure 
in a three hour SSR tensile test. This means that the crack grew from 
a detectable size to failure very quickly in proportion to the total 
lifetime. In air, cracks initiated on the outside surface but did not 
grow, failure occurred from the inside outward after much necking. In 
hydrogen, after microcracks initiated on the outside surface, they 
grew quickly, causing failures from the outside inward. Also, if cracks 
are formed below the tensile strength using fatigue, the cracks will 
grow when tested in SSR tension before the tensile strength is reached. 
This evidence suggests that once a crack is formed, the hydrogen enhances 
crack propagation. 
2. Surface and Volume Effects in Hydrogen 
Hydrogen embrittlement occurs in both steels and nickel alloys yet 
hydrogen diffusion rates in nickel alloys are orders of magnitude less 
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than in steel. The role of diffusion in hydrogen embrittlement is an 
important question. If hydrogen embrittlement is a volume effect, then 
diffusion rates matter very much because the hydrogen must diffuse 
through the material to cause embrittlement. If hydrogen embrittlement 
is a surface affect, then hydrogen need only be available at the crack 
tip surface to cause ernbrittlement, hence diffusion is unimportant but 
hydrogen availability and concentration would matter. Variables that 
effect hydrogen diffusion are amount of precharging and maybe stacking 
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fault energy. Variables that effect hydrogen concentration are dynamic 
charging rate and strain rate. The precharging tests show that the 
amount of precharging is not a significant variable, precharging alone 
will not cause embrittlement and applying the hydrogen at the tensile 
stress will cause embrittlement. The experimental results also shotv no 
direct connection between planar slip and the degree of embrittlement. 
For the concentration variables, however, the results show that strain 
·rate, which is related to crack velocity, hence hydrogen concentration 
at the crack tip, and charging rate are significant variables. More-
over, hydrogen must be present during deformation and cracking in order 
to get embrittlement, as evidenced by the charging rate studies. All 
experimental evidence is consistent with hydrogen being a surface rather 
than a volume effect in nickel. Up to this point, it has been suggested 
that hydrogen effects crack propagation not crack initiation and that 
the hydrogen acts at the crack tip surface in a way that allows the 
crack to move through the metal easier. Two of the theories discussed 
earlier in the literature, the enhanced nucleation of dislocations and 
reduction in surface energy by absorption theories are consistent with 
the above observations. The only difference between the two theories 
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is the exact mechanism by which the absorbed hydrogen affects the crack 
tip. The enhanced nucleation of dislocations theory requires that all 
fractures in hydrogen be microscopically ductile. That is, all fracture 
surfaces, even the intergranular ones, be covered with microvoids. The 
findings of this study cannot confirm this for any intergranular frac-
ture surface examined. Furthermore, the evidence suggests that slip 
bands formed on intergranular fracture surfaces occur after the surfaces 
separated, thus were not part of the fracture process. However, it is 
difficult to prove that microvoids do not exist on an undetectable scale 
and thus this theory cannot be ruled out but in the case of nickel alloys 
in hydrogen, the reduction in energy by absorption theory is most con-
sistent with the experimental evidence. 
3. Effect of Alloy Composition 
One of the most important and interesting variables and the most 
difficult to explain is the affect of alloy composition. For example, 
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according to Caskey, in iron-chromium nickel alloys, the loss of re-
duction in area ranged from 0 to 97% depending on alloy composition. 
Clearly, this variable of composition strongly influences the extent of 
embrittlement. One proposed explanation is that the lower stacking 
fault energy hence more planar slip, causes more embrittlement. How-
ever, the results of this study show (Table XIII) that for the alloys 
tested, the higher alloy materials, thus those with lower SFE, gave the 
least amount of embrittlement. This result is quite opposite to that 
predicted by the slip planarity correlation. From the void counting 
studies, the inference is that any decrease in- void size does not cor-
relate well with SFE for the alloys tested. Furthermore, by directly 
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counting the voids, it can be seen that the total number of voids ap-
pears to be more or less constant between the air and hydrogen environ-
ment for a given state. This suggests that the same number of voids 
initiate in both environments (Table IX) but the number of large voids 
is smaller in the hydrogen environment. Thus the effect of hydrogen on 
voids may not be to promote void nucleation but to increase the growth 
of all voids. Looking at Table XIII it appears that the strain harden-
ing coefficient gives a good correlation to the extent of embrittlement 
in this limited data. This could be due to the fact that the strain 
hardening coefficient is related to the amount of strain that occurs 
before necking. In a material with a large strain hardening coeffici-
ent, such as Incoloy 825, much strain occurs before necking and hence 
internal cracks may form and grow before external cracks develop. In 
materials such as Monel, with a lower strain hardening coefficient, 
cracking may develop externally before much straining occurs, thus 
leading to external crack growth early. Another explanation could be 
the effect of alloy composition on the chemiabsorption reaction, with 
some compositions absorbing hydrogen easily and others may be passivat-
ing and not absorbing as much hydrogen. Obviously, the effect of alloy 
composition is a complex issue, i~volving many variables such as SFE, 
strain hardening coefficient, alloy chemistry and surface film formation 
and cannot be explained easily. 
4. Behavior of Nickel Alloys in Hydrogen 
as Related to Testing and Selection 
In light of the testing of this study, several points of interest 







CORRELATION OF STACKING FAULT ENERGY, 
STRAIN HARDENING COEFFICIENT AND 
LOSS IN REDUCTION IN AREA AT 
FRACTURE 
% Loss In Strain Hardening 













experimental results of this study, that hydrogen does not promote em-
brittlement until a crack forms and, in the SSR tensile test, cracks do 
not form until after necking. From the beginning of the test, until 
necking, there may be no difference between the hydrogen and the air 
environments. Therefore, a material with a high strain hardening coef-
ficient will show a large amount of elongation before necking but be 
totally brittle after necking. Therefore, elongation at fracture in-
cludes the affect of the strain hardening coefficient as well as any 
embrittlement effects. The loss in reduction in area at necking takes 
more into account the events that occur after necking and is easy to 
measure accurately thus this is a non-subjective and desirable method of 
measurement. The reduction in average void size does take into account 
the events after necking but is more difficult to use and is more sub-
jective. The fracture mode does not always correlate exactly to the 
loss in reduction in area but there is a correlation between the two. 
The change in fracture mode is the most subjective and difficult method 
of measuring embrittlement. However, for the data of this thesis, the 
loss of reduction in area and the fracture mode correlate with each 
other but not with the change in microvoid size (Table XIV). The 
fatigue life data for hydrogen, shown in Table IV also agree well with 
the above measurements that indicate Incoloy 825 was embrittled the 
least and Monel 400 the most. Many pitfalls exist, for example, the 
tensile strength in hydrogen in no way predicts the amount of embrittle-
ment nor the fatigue life found in any alloy. Also the hydrogen charg-
ing rate and the strain rate can cause large changes in the extent of 
embrittlement. According to the literature, trace impurities can also 
cause large changes in the extent of embrittlement, so different heats 
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TABLE XIV 
COMPARISON OF MEASUREMENT MODES 
Alloy % Loss In Extent at Fractographic % Change In 
Reduction in Area Embrittlement Void Size 
N04400 74 Severe 6 
N02200 54 Moderate 25 
N06625 38 Slight 2 
N08825 1 Very Slight 6 
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of the same alloy could have different properties, as related to hydro-
gen embrittlement. 
5. A Comparison of the Behavior of Nickel 
Alloys in Hydrogen and Mercury 
Of the many similarities that are apparent between hydrogen and 
mercury embrittlement, the fractographic similarities are the most obvi-
ous. In the SEM, under low magnification (500 X) the same features ap-
pear in the same order in both the hydrogen (Figure 13) and the mercury 
(Figure 10) environments. Under higher magnification, (5000 X) the 
intergranular fracture surfaces are also similar (Figure 25). The simi-
larities occur in all alloys tested under a variety of conditions. The 
alloys also showed the same order of susceptibility to both environments 
with Mone! 400 being the most susceptible and Incoloy 825 the least. 
The side cracking that occurs had the same appearance and both environ-
ments and had a similar shift from 45° to 90° cracking at lower strain 
rates (Figures 22 and 11). Both environments caused all alloys except 
Incoloy 825 to crack from the outside inward, in the SSR tensile test, 
giving a slant or flat fracture, that was very similar in appearance 
(Figures 7 and 12). The Incoloys gave the only cup and cone fractures 
in both environments. The hydrogen and the mercury also lowered the 
fatigue lives of all alloys but neither significantly lowered the tensile 
strength. Hydrogen and mercury had the same effect on the void size as 
shown in Table 9. This further reinforces the idea that hydrogen em-
brittlement is a surface effect, because the reduction in void size is 
so similar in the two different environments (Figure 23). Lowering the 
strain rate caused increased embrittlement in both environments, while 
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higher embrittler concentrations at the specimen surface also caused 
more embrittlement (Figures 3 and 4, Table IV). The fact is, fractures 
in both environments were so similar, they were difficult to tell apart. 
There is no phenonena occurring in hydrogen that does not occur in 
mercury. 7 41 Lynch and others have compared hydrogen and liquid metal 
embrittlement of many alloy systems, including the nickel system and have 
concluded that all evidence is consistent with both having the same 
mechanism. If hydrogen and mercury embrittlement have the same mechan-
ism for nickel alloys, and all evidence is consistent with this, then 
all theories based on diffusion and/or pressure mechanisms are not valid 
because mercury, as discussed earlier, does not diffuse into nickel 
alloys and will not create high pressures at voids. This supports the 
evidence already given that suggests that hydrogen embrittlement in 
nickel alloys is a surface effect. 
CHAPTER V 
CONCLUSIONS 
With the reservation that only a limited (although representative) 
selection of nickel based alloys were tested, the following conclusions 
can be made. 
1. Nickel and its alloys are all embrittled to some degree by 
hydrogen. 
2. The hydrogen does not affect crack initiation. 
3. The hydrogen does affect crack propagation rates. 
4. The evidence is consistent with hydrogen embrittlement of these 
alloys being a surface rather than a volume effect. 
5. Hydrogen and mercury embrittlement give similar fractographic 
features; differences between the two types of embrittlernent are in the 
degree of embrittlement, with no consistent pattern apparent. 
6. The reduction in surface energy by absorption best explains 
the experimental observations in both hydrogen and mercury. 
7. The slip planarity correlation found in stainless steels, and 
the idea that hydrogen promotes increased void nucleation are not sup-
ported by the experimental evidence. 
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